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Abstract 
Silver/aluminum (Ag/Al) paste has been used as metallization for p+ emitter of n-type solar cells. Nevertheless, the Ag/Al paste 
induces junction current leakage or shunting in the solar cells, resulting loss in open circuit voltage (Voc). However, the details 
still are not known about how glass frit and aluminum in the paste affect the p+ emitter, and result in the electrical losses, 
respectively. Furthermore, it is not still clear whether and how the aluminum addition induces the electrical losses. In this study, 
the “floating contact method” proposed by R. Hoenig was applied for the measurement to investigate the respective effect of 
glass frit and aluminum on the electrical losses. Conductive paste with the glass frit for the p+ emitter induces loss in Voc of the 
cells even if the paste contains no aluminum. The glass frit in the Ag/Al paste induces carrier recombination and significant 
shunting of p-n junction, but the aluminum in the paste mitigates these electrical losses because of weakening emergence of Ag-
crystallites on the p+ emitter. 
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Peer-review under responsibility of the organizing committee of the Metallization Workshop 2016. 
Keywords: metallization, n-type, c-Si, aluminum, glass frit, shunting, recombination 
1. Introduction 
Over the years, considerable researches have been performed on metallization for an emitter of crystalline silicon 
(c-Si) solar cells. One of problems on the metallization is to induce junction current leakage or shunting in the solar 
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cells [1], resulting loss in open circuit voltage (Voc) of the solar cells [2]. After forming conductive paste as 
metallization on the emitter, the electrical losses have become pronounced, because the glass frit in the conductive 
paste may damage the emitter surface due to its penetration into a passivation layer (fire-through) and then the 
emitter [3-4].  
Considerable attention has been paid on n-type c-Si because of several advantages including higher bulk lifetime, 
insensitivity to common metal impurities, absence of light induced degradation and so on [5-6]. Thus, n-type c-Si 
can be expected to achieve high-efficiency compared with p-type one. The metallization on the emitter of n-type 
solar cells requires a so-called “good” contact on the p+-Si. For this reason, it has been proposed to add aluminum 
into silver paste [7], because the aluminum addition into the silver paste effectively reduces the contact resistance on 
p+ emitter [8]. Thus, the metallization paste on the p+ emitter has come to be silver/aluminum (Ag/Al) paste with 
glass frit for the contact. Nevertheless, the Ag/Al paste induces the electrical losses in the n-type solar cells, which 
means that it substantially induces the loss in Voc of the cells [9-10]. In addition, the metallization of Ag/Al paste to 
p+ emitter decreases Voc more largely than that of standard silver paste to n+ emitter [11]. Regarding to the loss in 
Voc, it has been proposed that adding aluminum to silver paste easily leads to large and deep metallic spikes into the 
p+ emitter [12], which introduces the junction current leaking or shunting in the n-type solar cells [13-14]. It results 
in that aluminum addition induces the electrical losses. However, the details still are not known about how the glass 
frit and the aluminum affect the p+ emitter, respectively, and result in the electrical losses. Furthermore, it is not still 
clear whether and how the aluminum addition induces the electrical losses. It is generally too difficult to isolatedly 
evaluate the respective effects of glass frit and aluminum on the electrical parameters of the cells by changing the 
paste composition such as the amount of glass frit and aluminum, because the paste without glass frit or aluminum 
cannot contact well with p+ emitter through the passivation layer to measure the parameters. 
For this reason, the floating contact method proposed by R. Hoenig is applied for the measurement to investigate 
the respective effect of glass frit and aluminum on the electrical losses in the n-type solar cells. In this method, 
electrically floating contacts from the grid contact are placed between the fingers on the p+ emitter [15]. The 
advantage of this method is to be able to evaluate the electrical losses induced by contacts regardless of whether the 
floating contacts can achieve electrical contact to the emitter or not, which means the contacts need not possess 
electrical conductivity. Applying this method, for example, the effect of aluminum-less silver paste on the p+ emitter 
of n-type solar cells can be observed. In this study, the respective effects of glass frit and aluminum in metallization 
paste on the electrical losses of n-type solar cells are investigated in details. 
2. Experimental 
2.1. Front side finger pattern 
In the floating contact method as shown in Fig. 1, the additional fingers defined as “floating contacts” are screen-
printed between the gridlines in a standard H-pattern defined as “grid contact” in the width of 100ȝm and in the 
length of 5mm, which are electrically and geometry isolated from the H-pattern grid contact [15]. In addition, the 
floating contact “fraction”, which is defined as the ratio of the area covered by the floating contacts to the full area 
of a solar cell, was changed by varying the number of floating contacts, as shown in Fig. 2. The grid contact plays a 
part in the electrode to be able to measure the cell characteristics that might be affected by the floating contacts. The 
difference between the electrical properties of cells formed with only the grid contact and that with the floating 
contacts is induced by whether the floating contacts are formed or not. In this method, the floating contacts need not 
achieve electric contact to an emitter and to possess conductivity, because the grid contact of the standard H-pattern 
achieves electric contact enough to the emitter to collect a photocurrent. Thus, this method enables to investigate the 
electrical losses in the solar cells induced by the pastes. 
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Fig. 1. N-type solar cell with the floating contacts. The floating contacts are placed between grid contact, which are electrically and geometry 
isolated from the H-pattern grid contact. 
 
 
 
 
Fig. 2. Front side finger pattern of (a) only the grid contact and (b)-(d) the one with the floating contacts. The floating contact fraction was 
changed by varying the number of the floating contacts. 
In this study, the grid contact for the p+ emitter were fabricated with the standard Ag/Al paste. Meanwhile, the 
homemade test pastes in Table I were prepared for the floating contacts to examine how the glass frit and aluminum 
affects the electrical losses respectively. In Table I, all the test pastes contain at least silver powder and organic 
vehicle in common. Added to these constituents, Ag/glass contains glass frit, and Ag/glass/Al contains glass frit and 
aluminum. The amount of glass frit and aluminum in the paste is a few weight percent, and the glass frit consists of 
PbO, SiO2, B2O3, and ZnO mainly. In addition, it should be noticed that silver powder, glass frit and organics in the 
pastes stay the same among the test pastes. The “only-silver” paste cannot fire-through a passivation layer. Thus, it 
cannot contact with an emitter, directly only to make shadow on the emitter. 
Table 1. Composition of homemade test pastes. 
test pastes silver powder glass frit aluminum organic vehicle 
Only-Ag 9 None None 9 
Ag/glass 9 9 None 9 
Ag/glass/Al 9 9 9 9 
2.2. N-type solar cell fabrication 
The bifacial n-type c-Si solar cells were made for evaluating the test pastes in accordance with the following 
procedure. The n-type solar cells were made using n-type Cz-Si wafers (156mm × 156mm), on both sides of which 
the surfaces are textured in a random pyramid structure. The sheet resistance of the boron-doped p+ emitter and the 
phosphorus-doped n+ back surface field were approximately 70ȍ/square and 40ȍ/square, respectively. The p+ 
emitter and n+ back surface field (BSF) are both passivated by SiO2 and SiNx layer stacks. The metallization on the 
rear n+-contact and on the front p+-contact were fabricated with commercially available Ag paste and Ag/Al paste, 
respectively, as shown above. The Ag paste for n+ BSF and the Ag/Al paste for p+ emitter were screen-printed on 
each side of a wafer in the same standard H-pattern (grid contact), which consists of 3 busbars and 64 fingers. The 
finger widths are both 100ȝm. After screen-printing and drying of the grid contact, the floating contacts were 
screen-printed with the test pastes between the grid contact on the p+ emitter. Subsequently, the screen-printed 
pastes were co-fired with an infrared belt furnace at 865oC. 
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The following procedures were conducted to examine the effects of glass frit on the electrical losses. The 
illuminated I-V curves were measured by an I-V tester under an AM 1.5G spectrum with an intensity of 
100 mW/cm2. The Dark I-V curves were measured with a digital multi-meter in a dark environment. The analysis on 
the measured dark I-V curves was carried out by a numerical fitting method based on the two-diode model to extract 
the parameters such as shunt resistance and saturation current density. Table II shows the electrical properties of the 
n-type c-Si solar cells with only the grid contact, which are benchmarks of the electrical properties on that of solar 
cells with the floating contacts. The performance of the solar cells is good enough to investigate the respective effect 
of glass frit and aluminum on the electrical losses in the cells. 
The contact interface morphology just beneath the test pastes was analyzed with a scanning electron microscope 
(SEM). In this observation, p-type mirror wafers were used, because the interface morphology on the p-type surface 
due to the pastes is easy to be observed on the mirror surface, on which p+ emitter formation is not need. The test 
paste of Ag/glass or Ag/glass/Al was screen-printed on the p-type (100) mirror wafers passivated with SiO2 and 
SiNx layer stacks, then dried and fired at same temperature as that of n-type solar cells. After fired, the only bulk 
contact was removed by the mixture of nitric acid and hydrochloric acid at the ratio of 1:3. The glass layer under the 
bulk contact was etched out by a hydrofluoric acid (HF, 10%), and the metal precipitates under the glass layer were 
done by the same mixed acid used in the removal of bulk contact. 
Table 2. Electrical properties of n-type solar cells with the only grid contact. 
Voc (V) Jsc (mA/cm2) F.F (%) Efficiency (%) 
0.641 37.8 77.6 18.8 
2.3. Analysis of dark IV curves 
The dark I-V curve of each solar cell was measured and fitted with the standard two-diode model to determine 
shunt resistance Rshunt and saturation current density J01 and J02. For the fitting, “2/3-diode fit” program developed by 
Suckow et al. was applied, which is freely available [16]. In the program, the fitting was achieved by the following 
equation, 
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where J01 is the saturation current density of the first diode, J02 is the saturation current density of the second diode, 
n1 is the ideality factor of the first diode, n2 is the ideality factor of the second diode, Rs,dark is the series resistance 
under the dark, and Rshunt is the shunt resistance. The ideality factor of the first diode n1 is always set to “one”, 
therefore the J01 indicates the current density due to carrier diffusing across p-n junction (diffusion current density) 
[17], whereas the J02 indicates the current density due to recombination current in depletion layer, wafer surface, 
bulk and so on [18]. 
3. Results 
3.1. Electrical properties  
Fig. 3 shows the dependence of open circuit voltage (Voc) on the floating contact fraction and the test paste 
composition. In Fig. 3, the Voc of n-type solar cells with only the grid contact is shown at the fraction of zero percent. 
The dependency of Voc on the fraction is different depending on the test paste composition. For the paste of only-Ag, 
the Voc slightly decreases with increasing the fraction, whereas for the other test pastes the Voc decreases 
considerably. The Voc of Ag/glass and Ag/glass/Al become lower than that of only-Ag for any fraction, and in 
addition, among these pastes, the dependency of Voc on the fraction is almost same. Even though Voc decreases due 
to shadowing [19], Voc decrease can be closely related to shunting p-n junction, and also to increasing diffusion and 
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recombination current [2, 19-20]. Thus, the difference of Voc between only-Ag and the other pastes is caused by the 
effects of the glass frit and (or) aluminum in the paste, because the shadowing effect due to the floating contacts on 
the Voc should be the same among the test pastes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Effect of the test paste composition and the floating contact fraction on Voc. The dependence of the Voc on the fraction is different 
depending on the test paste composition. For the paste of only-Ag, the Voc slightly decreases with increasing the fraction, whereas for the other 
test pastes the Voc decreases considerably. The Voc of Ag/glass and Ag/glass/Al become lower than that of only-Ag for any fraction, and in 
addition, among these pastes, the dependency of Voc on the fraction is almost same. 
Fig. 4 shows the dark IV curves of the n-type solar cells with only the grid contact and the floating contacts of 
each test pastes at the floating contact fraction of about 16%. In Fig. 4 (a), the dark IV curve of the solar cell with 
only-Ag is considerably close to that of the solar cell with only the grid contact. The test paste of only-Ag, which 
done not contain glass frit and aluminum, induces no electrical losses, because it cannot contact to the p+ emitter. In 
contrast, as shown in Fig. 4 (b), the floating contacts of Ag/glass and Ag/glass/Al shows the current increases with 
the voltage more rapidly than that of only-Ag, which is due to the addition of the glass frit into the only-Ag paste. 
However, comparing between the Ag/glass and the Ag/glass/Al, the current increase is suppressed by adding 
aluminum into Ag/glass. The rapid-increasing of the current; “hump” current at the low voltage range typically 
originates in shunt current or recombination current [1, 18, 21]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Dark IV curves of the n-type solar cells with (a) only the grid contact and (b) the floating contacts of the each test pastes at the fraction of 
about 16%. The dark IV curve of the solar cell with only-Ag is considerably close to that of the solar cell with only the grid contact. The floating 
contacts of Ag/glass and Ag/glass/Al shows the current increases with the voltage more rapidly than that of only-Ag. However, comparing 
between the Ag/glass and the Ag/glass/Al, the current increase is suppressed by adding aluminum into Ag/glass.  
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The dark IV curves as obtained above were analyzed by applying the two-diode model to determine shunt 
resistance and recombination current. The dependence of the shunt resistance Rsh and the recombination current 
density J02 on the floating contact fraction is shown in Fig. 5. The paste of only-Ag keeps the Rsh nearly constant at 
the same as that of only the grid contact. In contrast, the other test pastes indicate that the Rsh is decreasing with 
increasing the fraction, being lower than that of only-Ag. Furthermore, the Ag/glass/Al keeps the Rsh larger than 
Ag/glass at any fraction. As a result, the addition of glass frit to only-Ag substantially decreases Rsh, but the further 
addition of aluminum mitigates decreasing Rsh. On the other hand, similar tendency can be observed in the 
dependency of J02 on the test paste composition and the fraction. Specifically, for only-Ag, the J02 stays almost 
constant over the fraction, which is comparable with that of only the grid contact, whereas for the Ag/glass the J02 
significantly increases with increasing the fraction. By contrast, the J02 of Ag/glass/Al is less affected by the fraction, 
being comparable with that of only-Ag. The addition of aluminum to the Ag/glass paste mitigates the increase of the 
J02 current caused by glass frit. It can be summarized based on the results above that the aluminum addition into 
Ag/glass paste for the metallization on p+ emitter suppresses the decrease of Rsh and the increase of J02. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Effect of test paste composition and floating contact fraction on (a) shunt resistance and (b) recombination current density. The only-Ag 
keeps the Rsh nearly constant at the same as that of only the grid contact. The Ag/glass/Al keeps the Rsh larger than Ag/glass at any fraction. On 
the other hand, similar tendency can be observed in the dependency of J02 on the test paste composition and the fraction. For only-Ag, the J02 
stays almost constant over the fraction, which is comparable with that of only the grid contact, whereas for the Ag/glass the J02 significantly 
increases with increasing the fraction. By contrast, the J02 of Ag/glass/Al is less affected by the fraction, being comparable with that of only-Ag. 
3.2. Interface morphology  
Fig. 6 and Fig 7 show interface morphology underneath the test pastes of Ag/glass and Ag/glass/Al. Top views of 
the interface morphology after the bulk contact and the underlying glass layer were removed are shown in Fig. 6. 
Metal precipitates appear on the silicon surface after the removal of the bulk contact by the mixed acid and the 
succeeding removal of the glass layer by HF. For the test paste of Ag/glass, many small Ag-crystallites are observed 
[22], which are buried into the Si wafer. By contrast, for Ag/glass/Al, many small Ag-crystallites as well as a few 
large tetrahedral pits are observed, but the small Ag-crystallites precipitate on the wafer surface, not into the wafer. 
Fig 7 shows top views of the interface morphology after the third removal of metal precipitates by the mixed acid. 
The morphology of the wafer surface deformed by the pastes can be observed by the third etching of the metal 
precipitates. For Ag/glass, many tiny pits, which are evidence of imprints of Ag-crystallites in the size of less than 
1μm, can be observed. In contrast, for Ag/glass/Al, very few imprints of Ag-crystallites can be observed except 
large tetrahedral pits whose size is more than several micrometers. It is found from energy dispersive X-ray analyses 
for the cross section of Ag/glass/Al contact that the large tetrahedral pits are characterized as imprints of silver 
spikes, where aluminum is rarely detected. Recent studies of aluminum effects, however, reported the large silver 
spike contains a few atomic percent of aluminum and silicon [23]. The large silver spikes buried into the large 
tetrahedral pits have been already removed after the removal of the bulk contact and the glass layer, which is 
differently from other small Ag-crystallites. As the large silver spikes are supposed to be larger than the thickness of 
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glass layer, then it must be connecting to bulk contact and can be removed at the removal of bulk contact. Thus, the 
aluminum addition into Ag/glass paste weakens the emergence of the small Ag-crystallites, but it can help to grow 
the large silver spikes. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Top view of the interface morphology underneath (a) the test paste of Ag/glass and (b) Ag/glass/Al after the bulk contact and the 
underlying glass layer were removed. For the test paste of Ag/glass, many Ag-crystallites are observed, which are buried into Si wafer. By 
contrast, for Ag/glass/Al, many Ag-crystallites as well as a large pit are observed, but the Ag-crystallites are not buried into Si wafer.  
 
 
 
 
 
 
Fig. 7. Top view of the interface morphology underneath (a) the test paste of Ag/glass and (b) Ag/glass/Al after the metal precipitates removal. 
For Ag/glass, many pits, which are evidence of imprints of Ag-crystallites in the size of less than 1μm, can be observed. In contrast, for 
Ag/glass/Al, very few imprints of Ag-crystallite can be observed except large pits whose size is more than several micrometers. 
4. Discussion 
For n-type solar cells with p+ emitter, the effects of aluminum in the paste on the Voc, the dark IV curves, and the 
interface morphology underneath the contacts have been demonstrated. In this chapter, the effects of aluminum on 
the behavior of Rsh and J02 will be discussed, associating with the effects on the interface morphology, and in 
addition the mechanism how the aluminum affects the morphology will be considered in terms of the reaction 
between the paste and the p+ emitter with the passivation layer. 
The results of the study shows that the floating contacts of Ag/glass causes the significant Rsh decrease and 
induces the J02 increase, whereas the addition of aluminum into Ag/glass mitigates these electrical losses as well as 
the emergence of the small Ag-crystallites. The Rsh decrease can be explained by the penetration of p-n junction 
with the spikes consisted of conductive materials like Ag-crystallite, because the Ag-crystallites are supposed to 
punch through the p-n junction [24]. J02 increase must be induced by the recombination due to impurity diffusion or 
defect creation into Si wafer, which is increased under the Ag-crystallites [24]. At the same time, the aluminum 
addition in the paste suppresses the emergence of small Ag-crystallites, so as to mitigate the significant Rsh decrease 
and the J02 increase. 
Subsequently, the mechanism how aluminum affects the interface morphology will be considered in the 
following. During firing process, the molten glass frit flows toward Si surface, dissolving silver as silver ions [25-
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26], which oxidize the silicon surface with oxygen. Aluminum is incorporated into the silicate glass network in a 
form of [AlO4]-, whose negative charge can be compensated by cations such as silver ions [27], so that the 
aluminum containing glass can incorporate more silver ions than the glass without aluminum. When the molten 
glass reaches the passivation layer, the ionic bond of the lead oxide and the aluminum oxide in the glass disrupts the 
covalent bond of silicon oxide or silicon nitride network of the passivation layers to decrease the softening point of 
the network. Once the modifier melts the passivation layers, the silver ions migrate into the passivation layer. As a 
result, the silver in the glass can penetrate the passivation layers. After that, the lead oxide and the silver ion in the 
glass oxidize the Si surface, and in addition, the lead oxide disrupts the covalent bond of the oxidized silicon, and 
then silicon oxide is dissolved into the glass [28-29]. At the same time, the silver ions are reduced to silver, and 
migrate into the silicon, which precipitates as Ag-crystallites in the silicon in cooling process [29]. In this procedure, 
the more aluminum containing glass can make the redox reaction more reactive compared with less aluminum one 
at a Si surface due to more silver ions in the glass, where more silver ions are migrated in the silicon, resulting the 
large silver spikes. On the other hand, the silver ions in the molten glass preferentially oxidize the aluminum easier 
than the silicon, because aluminum oxide is more stable than silicon oxide according to Ellingham diagram [30], 
then the enhanced redox reaction occurs less frequently. Therefore, the small Ag-crystallites become fewer and 
shallower, and instead a few large spikes are formed. The effects of aluminum on the “glass frit” change the 
interface morphology to be large wedge shape, resulting in creation of large spikes, which mitigate the electrical 
losses. The mechanism of aluminum effects on the interface morphology shown above is not yet well confirmed, 
but it can be probably estimated that the aluminum addition into the glass frit can involve more silver ions and 
mitigates the oxidation of Si caused by silver ions. Our results also indicate that the large silver spikes does not 
cause the significant Rsh decrease and the J02 increase, but the mechanism is not yet clear. 
 
5. Conclusion 
In this study, the respective effects of glass frit and aluminum on the p+ emitter were elucidated by using the 
floating contact method with the homemade test pastes. Moreover, the aluminum effects on the interface 
morphology were proposed in terms of the reaction between the paste and the p+ emitter with the passivation layer. 
Conductive paste with the glass frit for p+ emitter induces the loss in Voc of n-type solar cells, whether the paste 
contains aluminum or not. The glass frit in the paste especially induces the carrier recombination and cause the 
significant shunting of p-n junction, but the aluminum in the paste mitigates these electrical losses because the 
aluminum suppresses the number of small Ag-crystallite creation in the p+ emitter. But, a few large spikes appear 
underneath the Ag/Al paste in the p+ emitter, and they do not induce significant shunting of p-n junction and carrier 
recombination. The aluminum addition into the Ag/glass paste can increase the capability of etching the oxidized 
silicon surface. Small amount of aluminum addition into the glass frit accelerates locally and non-uniformly 
oxidation of Si surface with silver ions. The glass frit again melts the newly oxidized silicon there, and then Ag ions 
migrate to the fresh silicon surface and oxidize it. This sequence of the processes successively occurs during firing 
and interposes wedge shape spikes in the p+ emitter after cooling down. The localized etching by aluminum 
containing glass makes the silicon surface in specific shape, unlike the paste without aluminum makes, resulting in 
the interface morphology of large spikes. As the detail mechanism of aluminum effects on the creation of large 
spikes is not yet clear, the further study will be expected. 
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